INTRODUCTION
Boron nitride nanotubes (BNNTs) have many appealing properties and applications. BNNTs have a rather uniform wide bandgap, 1 and their special optical properties may find various applications in optoelectronics. 2, 3 The strong resistance to oxidation makes them more reliable in high temperature environments than carbon nanotubes (CNTs). 4 The piezoelectricity of BNNTs is ideal for building nanoscale electromechanical devices. 5, 6 BNNTs enriched in isotopic 10 B provide multifunctional radiation shielding 7 and have excellent thermal conductivity. 8 BNNTs were first synthesized by Zettl"s group in 1995. 9 In the past decade, BNNTs in loose powder form have been produced by several groups, [9] [10] [11] [12] [13] [14] but there are only a few reports on the growth of BNNT films on flat substrates. 15, 16 It has been demonstrated for CNTs that the growth of films on various substrates and surfaces is vital for applications in nanoscale functional devices. 17, 18 Here, we report a unique and versatile boron (B) ink painting method that enables high-density BNNT films with any desired pattern to be grown on, and firmly attached to, different surfaces. A special B ink, a mixture of nanosized B particles, metal nitrate catalyst and ethanol, is first painted, sprayed, or inkjet printed on substrate surface, depending on the desired result, and then annealed in a nitrogen containing gas to convert into a BNNT film. Importantly, this is the first method capable of growing BNNTs on complex non-flat surfaces and greatly broadens the potential application of BNNTs. For example, it is demonstrated that a BNNT covered steel mesh can separate water and oil on a microliter scale; a needle given an internal BNNT coating could greatly enhance microfluidic transport; and a coated screw could be used to minimize wear at the interface. EXPERIMENTAL B ink preparation. The ball-milling treatment was conducted in a vertical rotating high-energy ball mill. Several grams of amorphous B powder (95%-97%, Fluka) were sealed in a steel milling vial with four hardened steel balls in anhydrate ammonia (NH 3 ) at 300 kPa. The milling lasted for 100 h at ambient temperature. The milled samples were then mixed with nitrate in ethanol inside a gloved box filled with an inert gas, using an ultrasonic bath for 1 h. The painted substrates were heated in a horizontal tube furnace at 950-1300 °C in N 2 +15%H 2 or NH 3 gas. The SiO 2 coated Si (SiO 2 /Si) substrates were produced by annealing the (400) Si wafer in high purity oxygen (O 2 ) at 1100 °C for 3 h.
Inkjet-printing.
A commercial Canon BJC 210 inkjet printer (cartridge models BC-02 or BX-02) was used for inkjet printing. B ink was poured into the ink chamber of an empty cartridge. Small SiO 2 /Si wafer pieces (20 mm x 10 mm) were glued on A4 paper for printing. The "nano" patterns were created in Word software. After printing, the SiO 2 /Si pieces were peeled off the paper and placed in the tube furnace for annealing at 1100 °C in N 2 +15%H 2 for 0.5 h.
Adhesion test by DMA. A Q800 DMA (TA Instruments, USA) equipped with a standard tension clamp was used for the adhesion test. The resolution of the loaded force is 0.00001 N. Double-sided Scotch tape (1 cm x 1 cm) was attached to a relatively thick BNNT film (to avoid the tape directly contacting the substrate) and the other side of the tape was fixed to a thin rectangular stainless steel sheet (thickness 0.14 mm). The coated substrate and the stainless steel sheet were fixed to the tension clamps. A shear force (in controlled force mode) was applied to pull the tape away from the BNNT film (Figure 4d ). The starting force and the rate of force increase were 0.001 N and 0.5 N/min, respectively.
Non-flat surface coating. The woven steel mesh was thoroughly brushed with the B ink (83.3 mg/mL of B in 0.03 M Fe(NO 3 ) 3 ethanol). The brushed mesh was hung over an alumina boat and immediately annealed at 1100 °C for 1 h in N 2 +15%H 2 gas, so that both sides of the mesh could contact with the reaction gas and thus be totally covered by BNNTs. The steel needle, cut from a syringe, was totally immersed in B ink (62.5 mg/mL of B in 0.04 M Co(NO 3 ) 2 ethanol) so that the ink also covered the needle"s internal channel. The ink was brushed on the screw.
Contact angle.
The contact angles were measured using an optical contact angle and surface tension instrument (CAM 101, KSV) in a conditioned laboratory (20±2 °C, 65±2% RH). The contact angles and drop volumes were automatically calculated by software which uses the Young-Laplace equation to curve-fit drop profiles captured by a camera. The images showing paraffin oil drops (LabChem, density 0.87 g/cm 3 ) passing through the BNNT coated mesh were recorded at a frame interval of 33 ms.
Other characterization techniques. Hitachi 4300SE/N and Hitachi 4500 FESEM scanning electronic microscopes at 3 kV were employed to examine sample morphology, and EDS was conducted on the 4300SE/N instrument at 15 kV. TEM investigations were performed using a Philips CM300 (300 kV) microscope. 
RESULTS AND DISCUSSION
The B ink method, as illustrated in Figure 1 , consists of four steps. (a) Nanosized and chemically active B particles are produced by ball-milling of amorphous B powder. 10, 19 (b) The ball-milled B particles are homogenously mixed with ethanol and a small amount of ferric (or any other metal) nitrate to form an ink-like solution (B ink) with an ultrasonic bath treatment. (c) The B ink is painted, sprayed or inkjet printed to create a thin layer of B ink in desired pattern on the substrate. (d) The B ink covered substrate is annealed at 950-1300 °C in N 2 +15%H 2 or NH 3 gas which converts the B layer into a high purity BNNT film. Because of the fineness of the B particles (average size 45 nm), B ink is compatible with inkjet printing. Figure 3a shows an optical microscope photo of BNNTs forming repeated lines of the word "nano" on a Figure 3b shows a SEM image of one group of letters in "Times New Roman" font of font size "5". A higher magnification SEM image from the edge of the letter "o" (indicated by the square) shows that only the ink printed area has BNNTs (Figure 3c ). By using a high resolution jet printing device, 20 the B ink printing method should be able to replicate any BNNT pattern with micron resolution.
In the ink, the ball-milled B particles with metastable and chemically active structures can react with the nitrogen-containing gas at relatively lower temperature; 10, 19 the added nitrate provides adequate catalyst for high density nanotube growth; and the ethanol not only makes the growth of BNNT film possible but also slightly enhances the nitriding reactions during annealing. 21 As a result, the high-density BNNT films can be achieved. The BNNT film thickness (nanotube length and density) can be controlled by the amount of ink, that is, the thickness of the ink layer painted on the substrate. Painting or brushing usually resulted in films with a thickness of 5-40 µm. Spraying a diluted B ink (e.g. 30 mg/mL of B in 0.02 M Fe(NO 3 ) 3 ethanol) produced a sparse array of BNNTs. The BNNTs produced in a N 2 +15%H 2 atmosphere at 1100 °C, usually with diameter 40-80 nm, can have either a cylindrical or bamboo-like structure. Thin cylindrical BNNTs with diameters less than 10 nm can be produced by annealing in NH 3 at 1300 °C. 7 The growth mechanisms of different BNNT structures in different atmospheres have been discussed previously. The grown BNNT films are firmly attached to the substrate. BNNTs usually have one end attached to the surface (Figure 4a ), because the coating involves nanotube growth during annealing. Some tubes appear to be attached via a metal particle, as shown in the SEM image of Figure 4b . The attachment strength between BNNTs and the substrate was firstly tested by blowing the film with an air gun at a short distance. After high-pressure air blowing, most nanotubes remained, and the strong air flow aligned the tubes to the air flow direction (Figure 4c ). The adhesion strength between a 1 cm 2 area of the BNNT film and the steel substrate was also measured using a dynamic mechanical analyser (DMA). 23, 24 Figure 4d shows the set-up of the measurement. A typical stress-strain curve is shown in Figure 4e , in which the Scotch tape was completely detached from the BNNT film at a shear stress of 4.75 kPa. The average failure shear stress from five BNNT films (all on steel substrates) was 4.67±0.35 kPa. After the tape was pulled off, there was still a white layer of BNNTs left on the substrate, which indicates that the tape did not have direct contact with the substrate and the tape could only pull off some of the BNNTs in the films. Another important advantage of the B ink method is that it can grow BNNTs on objects of various and complex shapes. SEM images in Figure 5a and 5b show a steel mesh homogeneously coated with BNNTs. The mesh was thoroughly brushed with the B ink and, after annealing at 1100 °C for 1 h in N 2 +15%H 2 gas, both sides were covered by a high density of BNNTs without blocking the small square openings. Figure 5c and 5d show BNNTs were grown on both the external and internal surfaces of a steel syringe needle. This was accomplished by first immersing the needle in the ink and then placing it along the gas flow direction during annealing so that erect BNNTs even grew on the surface of its internal channel. Figure 5e and 5f show BNNTs standing on both the threads and the gaps of a tiny screw. These examples indicate that BNNTs can be grown on any irregularly shaped object, as long as the B ink can reach and cover its surface.
Coating of BNNTs on non-flat objects opens up many new applications. A BNNT covered needle (Figure 5d ) could be very useful in microfluidic devices. 25 Figure 6a shows an almost spherical water drop on a BNNT film coated on a flat steel substrate with contact angle 172.1° and hysteresis several degrees. 26, 27 This superhydrophobicity is mainly due to the huge surface roughness of the BNNT film that enables the Cassie state. 28 Because of the superhydrophobicity, when fluid flows through such a BNNT coated needle, the adsorption onto the channel surface and the frictional drag can be greatly reduced, allowing better performing microfluidic devices. In contrast to the super anti-wetting to water, the BNNT films are extremely wettable to oil. In general, if a solid has surface tension larger than a quarter of the surface tension of an oil, the solid is wettable to the oil. 29 The surface tension of an individual BNNT with diameter of 40 nm has been measured to be 26.7-27.0 mN/m, 30 and most oils have surface tensions of 20-30 mN/m. 29 So BNNTs are inherently wettable to oil. In addition, the huge roughness of the BNNT film can further increase this wettability, according to the Wenzel equation. 31 As a result, the contact angle of the BNNT film to paraffin oil was found to be ~5° (measured at 1 s after drop dispense). The combined superhydrophobicity and superoleophilicity of the BNNT coated mesh (Figure 5b ) opens up exciting possibilities such as the separation of water and oil in microliter volumes. 32 Figure 6b shows that the coated mesh is impermeable to water so that a water drop sits on it with contact angle of 161°. While Figure 6c shows that a paraffin oil drop can pass through the same mesh in just 0.3 second. A third possible application area is low friction coating. A BNNT film on a screw (Figure 5f ) has the potential to act as a solid lubricant, 33, 34 which minimizes wear even in vacuum or at high temperature, because of the excellent tribological properties of hBN materials and the strong adhesion of the BNNTs to the object surface. 
CONCLUSION
A unique and versatile boron ink method has been developed to effectively grow BNNTs on different surfaces. The innovation of this method is that a high-density and firmly attached BNNT film can be easily accomplished by first painting, mask coating, spraying or inkjet printing the B ink at desired location with required pattern, and then thermally annealing the ink layer in a nitrogen-containing atmosphere. The B ink is prepared by mixing ball-milled B particles with metal nitrate in ethanol. Because of the large capacity of the ball-milling facility, the preparation of B ink can be easily scaled up. No pre-deposition of catalyst is required, as the ink already contains catalyst. The size and nanostructure of BNNTs can be fully-controlled in the thermal annealing process. For the first time, BNNTs can be grown on the surface of objects with irregular or complicated shapes, which opens up many new applications. As examples, a needle with BNNT coating inside the channel could enable better performing microfluidic devices; a BNNT covered mesh can separate oil from water on a microliter scale; and a BNNT film on a screw gives a possible way to minimize wear and solve interfacial problems.
